Abstract. Large losses of habitat could be caused by land use change that disrupts the dispersal networks used by migratory species. We assessed the relative losses of habitat for diadromous fish (i.e., those migrating between sea and freshwater) due to physical barriers, degradation of migratory passage associated with catchment land use, and site-scale land use characteristics on the West Coast, South Island, New Zealand. Fish occurrence, land use data, and river network models were analyzed in a GIS and subjected to a three-level hierarchical analysis. To identify accessible habitat not restricted by physical barriers, we used the migratory distance and maximum downstream slope encountered to identify accessible sites in least-impacted catchments and applied the results to all catchments within the study area. For two fish species, banded kokopu (Galaxias fasciatus) and koaro (G. brevipinnis), sites modeled as accessible using logistic regression in least-impacted catchments were then used to assess the impacts of catchment-scale deforestation and downstream land uses on habitat loss. Finally, sites not restricted by physical barriers or land-use-related impacts on migratory passage were used to model the effects of local land use. The models indicated that koaro and banded kokopu potentially had access to 28 000 km and 5300 km, respectively, of the 40 600 km of streams within the study area. Impacts due to intensive agricultural land use downstream in catchments affecting migratory passage were predicted to reduce the accessible habitats for koaro and banded kokopu by 55% and 70%, respectively. Local land use further reduced koaro and banded kokopu habitats to 70% and 90%, respectively, of total accessible habitat. Habitat lost through disruption of the dispersal network was disproportionately large because potentially useable habitat was rendered inaccessible.
INTRODUCTION
Land use changes have fragmented terrestrial landscapes worldwide (Collingham and Huntley 2000, Brooks et al. 2002) and are closely associated with loss of suitable habitat, reduced patch size, and increases in distance between suitable habitat patches (Andren 1994) . For nonmigratory animal species, the magnitude of habitat loss is linked to the amount of suitable habitat removed or altered. For migratory species, however, two types of habitat loss may occur: direct loss due to landuse change and loss due to reduction in connectivity between habitats that restricts access to suitable habitat (Weber et al. 1999 , Fahrig 2001 . For migratory species, the relative importance of local habitat loss, patch size, and isolation will vary according to the degree of habitat fragmentation and the migratory capabilities of the species (Andren 1994 , Haas 1995 . Although the effects of land use changes and fragmentation on direct habitat loss are beginning to be understood, appreciation of the extent of habitat loss due to the disruption of dispersal networks is limited (Fagan 2002) . If dispersal between suitable habitat patches is disrupted, then the extent of habitat loss through land use change and fragmentation experienced by migratory species could be extensive. Our goal was to investigate the magnitude of habitat loss associated with land use changes that disrupted the riverine dispersal networks used by migratory fish. The movement of animals like migratory riverine fishes poses a special case because their passage between suitable habitats is restricted to constrained dispersal networks. The downstream advection and dendritic structure of river networks (Fagan 2002) means that alternative courses are limited and movement often requires navigation through inhospitable habitat. Species that use these constrained dispersal networks may be more susceptible to large scale habitat loss because of reductions in connectivity between habitats (Pringle 2001 , Fagan 2002 .
Diadromous fishes, those that migrate between marine and freshwater environments (McDowall 1988) , often journey extended distances inland depending on their habitat requirements and ability to cope with migratory barriers (Smith et al. 1997 , Elliott et al. 1998 , Klemetsen et al. 2003 . During their up-and downstream journeys, riverine fish may encounter anthropogenic and natural 3 E-mail: hans.eikaas@gmail.com features that can limit, preclude, or aid their movement (Adams et al. 2000 , Novinger and Rahel 2003 , Thorstad et al. 2003 . The specific locations of barriers in the landscape play important roles in the distribution patterns of migratory fish. Therefore, disentangling the relative roles of migratory distance, slope-related barriers, and anthropogenic impacts is important if land-use effects on diadromous fish are to be managed effectively and the extent of habitat loss due to disruption of dispersal networks is to be quantified. Impacts of dams on migratory passage and upstream habitat loss of some taxa are known (Pringle 2001 , Hart et al. 2002 , but evaluating the influence of land-use changes in the terrestrial landscape on migratory species is much more difficult. The way local, as opposed to catchment (or distant), land-use effects scale to influence the extent of habitat loss for organisms using constrained dispersal networks is not well understood, however. An immediate challenge is to distinguish between disruptions to migratory passage due to physical barriers versus those associated with changes in land use and habitat fragmentation, and to determine how these scale to affect total habitat loss. In New Zealand, the distribution of diadromous fishes is related to distance inland and altitude (McDowall 1988 , 1993 , 1998 , Joy and Death 2000 , but features like steep coastal cliffs and fault lines that bring about sudden increases in stream gradients limit the utility of altitude and migratory distance as measures of migratory potential (Eikaas et al. 2006) . Such barriers likely preclude upstream migration to suitable habitats by fish that typically overcome barriers by jumping or burst swimming (e.g., Salmonidae; Adams et al. 2000) , but may pose less of an impediment to fish that climb wetted surfaces along the margins of waterfalls using surface tension (e.g., some Galaxiidae and Anguillidae; Jellyman 1977 , McDowall 1990 . Here, we consider five diadromous New Zealand galaxiid fishes whose juveniles comprise the ''whitebait'' fishery in New Zealand: giant kokopu (Galaxias argenteus), koaro (G. brevipinnis), banded kokopu (G. fasciatus), shortjaw kokopu (G. postvectis), and inanga (G. maculatus). We focused particularly on two species, koaro and banded kokopu. Koaro and banded kokopu migrate to sea as larvae soon after hatching, and then migrate back to a freshwater environment as post-larval juvenile fish (McDowall 1990) . The juveniles migrate inland and adults are associated with unimpacted, usually forested, stream habitats where spawning also takes place (McDowall 1990 , Charteris et al. 2003 , McIntosh and McDowall 2004 . Both species deposit their eggs amongst bank litter and gravels during elevated stream flows, where the eggs develop out of water, dehydration being prevented by spawning taking place in streams with heavy riparian plant cover (Charteris et al. 2003, McIntosh and McDowall 2004) . Both banded kokopu and koaro are generalist predators, feeding on a variety of aquatic and terrestrial invertebrate prey (Main and Lyon 1988, McDowall 1990 ). Engineered structures can assist or impede the movement of diadromous fishes past obstructions (Laine et al. 2002 , Baker 2003 , but how the location of natural barriers (such as steep stream gradients) limits their distribution is not well understood. Natural waterfalls located close to river sources may be surmountable, whereas similar waterfalls in inland locations may preclude upstream fish migration. Furthermore, accessible habitat is likely to be affected by catchment-scale land-use effects that disrupt migratory passage (Eikaas et al. 2005b ). For example, intensive land-use practices, either in headwater or downstream areas, may prevent upstream habitats being occupied by migratory fish through inputs of fine sediment that affect downstream reaches by disrupting feeding and navigation (Boubee et al. 1997 , Rowe and Dean 1998 , Richardson et al. 2001 . In contrast, habitat that is accessible and not impacted by catchment-scale land-use effects downstream may be reduced in quality by local factors, such as riparian forest clearance that can have deleterious effects on local instream environments (Eikaas et al. 2005a) .
To determine how catchment land-use changes affected the extent of habitat loss by disruption of dispersal networks we conducted a three-level hierarchical analysis of fish occurrences, using existing data stored in the New Zealand Freshwater Fish Database (NZFFD) from within the New Zealand Department of Conservation's West Coast, South Island, Conservancy. In the three stages of the model we assessed how (1) physical barriers to dispersal, (2) catchment-scale landuse influences, and (3) local-scale land-use influences combined to affect the total loss of banded kokopu and koaro stream habitat in the river network.
METHODS

Study area and digital data preparation
The West Coast Department of Conservation Conservancy extends from Kahurangi Point south to Awarua Point and encompasses rivers flowing from the Southern Alps into the Tasman Sea (Fig. 1) . The region retains extensive areas of indigenous forest, especially at higher elevations, and contains some of New Zealand's most pristine landscapes. However, some catchments are impacted by various types of farming, forestry, and mining activities. Coastal cliffs, multiple geologic fault lines, and the Southern Alps are prominent landscape features; very steep stream gradients occur both close to the coast and far inland. Thus, the region is ideal for investigating the influences of nonanthropogenic factors such as stream gradient as well as land use impacts on distributions of migratory fish.
We used a digital version of the 1:50 000 Topographic Vector Data (Terralink NZ Ltd., Wellington, New Zealand) hydrology network to represent the streams in the study area. Stream reaches in this network are represented as line segments, connected by T-nodes (tonode) and F-nodes (from-nodes) ordered in a logical fashion to enable propagation of variables up and down the network in a GIS. We densified this hydrology network using the DENSIFY command in ArcInfo (Version 8.0.2; ESRI, Redlands, California, USA), inserting new vertices and connecting nodes at specified intervals to ensure no individual line segment of the digital stream network was longer than 50 m. Subsequently, we used the RENODE command to reestablish the T-and F-node topology, thus restoring the digital connectivity of the stream network. Stream segments were also assigned to stream order according to their position within the network, whereby two firstorder streams join to form a second-order stream, two second-order streams join to form a third-order stream, and so forth.
We derived slopes and altitudes for individual stream segments by draping the hydrology network over a 25-m resolution digital elevation model (DEM) of the South Island. We then propagated stream slopes up the stream network, so that steeper slopes replaced less steep slopes. This procedure rendered a stream network in which the maximum slope a migratory fish would have encountered during upstream migration could be determined for any location within the network. Similarly, we derived river distances inland, both from the sea and lakes. Using these propagated variables, we classified the stream reaches of our hydrology network with respect to downstream slopes as low (,58), moderate (5-108), and steep (.108), and with respect to distance inland from ocean or lakes as coastal (within 25 km of ocean or lakes), inland (between 25 and 100 km), and far inland (100þ km inland). Designation of these categories was based on a previous study of abiotic influences on diadromous fish distributions in the South Island where it was found that declines of most species occurred between these distance and slope categories (Eikaas et al. 2006) .
We extracted data on fish occurrence for the West Coast Conservancy for the period 1990-2004 from the NZFFD, a national historic archive on fish occurrence and habitat information. Because a range of individuals and institutions have contributed information to this database, with surveying methods varying from quantitative multiple pass electric fishing techniques, to qualitative night-time spotlighting, we converted abundance data to binary presence/absence data. Quantitative multiple or single pass electric fishing effectively establishes what species are present (Jowett and Richardson 1996) , and qualitative night spotlighting and trapping are effective for determining presence of large-bodied nocturnal galaxiid fish as they are nocturnal (Chadderton and Allibone 2000, Goodman 2002 ). Because many of the records of fish occurrences were in close proximity, we combined records for sites within 50 m of one another. In total, suitable data were obtained for 1278 reaches (Table 1) .
We appended data from our modified digital hydrology network to the records of fish occurrence. These data included information on stream order, maximum downstream slope (low, moderate, or steep categories and continuous data), stream reach altitude, river distance inland (coastal, inland, or far inland categories and continuous data) from ocean and lakes. Land cover information was obtained from the New Zealand Landcover Database Version 2 (NZLCDB2: New Zealand Ministry for the Environment, Wellington, New Zealand).
Statistical analysis
To investigate the relative influence of distance and downstream slope, we used three by three contingency analyses to determine the relationships between nine combinations of distance and slope categories and the occurrence of five galaxiid fish. We also quantified the amount of stream habitat in each of the nine categories. From the results of these analyses we used standardized residuals along with Pearson's two-sided chi-squared tests of the observed:expected ratio of fish occurrences to assess fish occurrence across slope and distance categories.
To investigate further the relative influences of anthropogenic factors on migratory fish distributions, we conducted an analysis on three levels to determine the amount of habitat lost due to physical access barriers, conditions along the migratory passage, and conditions at a site. We did this using a logistic regression analysis conducted hierarchically, which dealt sequentially with each particular influence. Logistic regression represents the probability of occurrence, P, as a function of a linear combination of habitat predictors (Turgeon and Rodriquez 2005) . We used a nominal P value of 0.05 for variable entry, and a P value of 0.10 for variable removal, with a classification cut-off for successful prediction of 0.5.
At level one of the hierarchical analysis ( Fig. 2A) , we tested whether distance or maximum downstream slope encountered by migrating fish limited the distributions of banded kokopu and koaro. A least-impacted reference site approach was used with data obtained from catchments having more than 90% forest cover and no non-forested land use along the migratory passage upstream or downstream ( Fig. 2A ) (Joy and Death 2000) . We then used logistic regression, with distance and downstream slope variables transformed to a common scale, to examine the effects of physical barriers on banded kokopu and koaro migrations in these relatively pristine catchments. The interaction of distance from source and maximum downstream slope was included to test whether location of steep stream slopes had a significant influence on fish distributions. By comparing the magnitude and sign of the coefficients of determination for the presence of each species, we were able to determine whether the distributions were limited by distance, maximum downstream slope encountered, or their interaction. We applied this model to all catchments within the study area to identify sites and quantify stream kilometers that were accessible to banded kokopu and koaro.
At level two of the analysis, we used sites within areas judged to be accessible at level one, and excluded sites with local or upstream land-use impacts. The sites retained were in forest and had upstream catchments with .90% native forest cover and no non-forest land use along the watercourse upstream. This meant all sites used in the level two analysis had no physical access barriers and had good local habitat conditions. We applied a second logistic regression analysis to assess the relative effects of downstream land use and the proportion of catchment forest cover on occurrence of banded kokopu and koaro (Fig. 2B ). This approach enabled us to differentiate between the effect of physical barriers along the streams and the effects of land use at the catchment-scale on migratory passage. Notes: Electric fishing techniques included single-and multiple-pass sampling and trapping included baited and nonbaited traps. Spotlighting and hand capture were conducted at night. A number of sites were sampled using a combination of sampling techniques. All methods were effective in establishing the presence of large-bodied galaxiid fish.
Finally at the third level, we applied the level-two model to sites other than those found to be inaccessible because of catchment-scale land use along the migratory passage. We applied a third logistic regression procedure to assess the effects of local conditions and the effects of upstream land use (Fig. 2C) . Upstream land use was assessed as the proportion of stream above a site flowing through farmed land. Local land uses were defined as no farming activity, sheep farming, cattle raising, or sheep and cattle farming. Presence of riparian forest cover, stream slope, and stream order were included as local environmental variables at this level of the analysis. Their inclusion enabled us to differentiate between physical barriers to migratory access, effects of catchment-scale land use on fish passage, and the effects of local land use and habitat characteristics. To assess the success of each model, we used leave-one-out crossvalidation of observed over predicted classification for the two fish species (Fielding and Bell 1997) .
RESULTS
Available stream reach habitat was distributed fairly evenly within coastal, inland, and far inland locations (Table 2) . However, the distribution of streams with respect to maximum downstream slope was bimodal, with 20% having low downstream gradient, 4.8% moderate gradient, and 75% steep gradient (Table 2) .
Adult inanga were restricted to the downstream reaches of streams close to the source of juvenile migrant fish, and primarily in streams with low gradients where the residuals of the observed over expected ratio indicated a far greater than expected occurrence of fish FIG. 2 . Flowchart of the three-level hierarchical analysis used to differentiate among (A) physical access barriers to upstream migration, (B) catchment-scale deforestation and intensive land use influences on migratory passage, and (C) local land use and environmental variables. (Fig. 3a) . Adult koaro, however, were found from the sea to locations far inland and across all stream gradient categories. Nevertheless, the contingency analyses showed that occurrences were much lower than expected in far inland locations above steep gradients (Fig. 3b) . We found higher than expected occurrences of koaro in coastal streams, above moderate and steep gradients (Fig. 3b) . Banded kokopu were absent from streams located far inland, but did occur, although infrequently, in inland locations. Banded kokopu were most common in coastal streams with low gradients, but were not uncommon in streams above moderate to steep gradients (Fig. 3c) . Shortjaw kokopu occurred most frequently in low gradient coastal streams, but also occurred far inland above steep stream gradients (Fig.  3d) . Shortjaw kokopu occurred in more instances than expected in coastal, low and moderate gradient streams, and in fewer instances than expected in inland streams with low gradients (Fig. 3d) . Like inanga, giant kokopu were restricted to coastal environments, and occurred 3 . Occurrences of five native galaxiid fish with respect to three distances inland from the source categories, coastal (,25 km to source), inland (25-100 km), far inland (.100 km); and three downstream stream slope categories, steep (.108, black bars), moderate (5-108, white bars), and low (,58, gray bars). Standardized adjusted residuals of observed : expected occurrences of fish provide a measure to assess preference/avoidance by fish of streams of the nine slope and distance combinations. Pearson two-sided chi-square tests indicate significant differences in occurrences within each slope category and across distance categories (i.e., within the low slope category, and across coastal, inland, and far inland categories). For simplicity and clarity, significant relationships within slope categories and across distance categories are indicated in the figure using the P values for each increment by slope category. more often than expected in low gradient streams, and above steep gradients (Fig. 3e) .
The level one analysis (Table 3) indicated that the ability of the five migratory galaxiids to cope with long migratory distances and steep downstream slopes varied. Shortjaw kokopu were negatively influenced by distance from source, but not by the maximum slope encountered. In contrast, the distributions of inanga and banded kokopu were subject to significant negative interactions with distance from source and maximum downstream slope. Koaro were not influenced by distance from source, but positively influenced by maximum downstream slope, and were not influenced by the interaction of downstream slope and distance from source. Distributions of shortjaw kokopu were negatively influenced by distance from source, but not by maximum downstream slope, or the interaction of downstream slope with distance. Giant kokopu distributions were negatively influenced by distance from source, maximum downstream slope, and their interaction. Inanga, banded kokopu, and giant kokopu showed significant interactions between distance from source and maximum downstream slope, an indication that their ability to overcome steep stream gradients declines the farther inland they get.
The logistic regression procedures used for differentiating between habitat accessibility, impacts on migratory passage, and local impacts on banded kokopu showed that distance from source was a strong predictor of fish occurrence in non-impacted, pristine catchments (Table 4 , banded kokopu, level 1). When applied to the hydrology network, this analysis showed that about 5300 km of streams should have been accessible to banded kokopu (Fig. 4a) . When applied to all catchments within our study area, leaving out sites inaccessible due to physical barriers, proportion of catchment with forest cover was found to be a strong predictor of banded kokopu occurrence at the catchment scale. However, the logistic regression procedure retained the downstream land use variable as well (Table 4 , banded kokopu, level 2). Thus, the level two analysis indicated that catchment land-use effects, which were likely to affect migratory passage conditions downstream of sites, were associated with a 70% reduction in available habitat, leaving 1600 km of accessible habitat (Fig.  4a) . At the site-scale in the level three analysis, presence of riparian cover was positively associated with banded kokopu occurrence, whereas intensive land use such as mixed sheep and cattle farming had a strong negative influence on their presence. Other variables retained by the logistic regression procedures at level three included stream order (smaller streams had higher positive regression coefficients), proportion upstream land use and stream slope, both of which had negative regression coefficients (Table 4 , banded kokopu, level 3). The third level of analysis indicated that site-scale factors reduced good banded kokopu habitat to approximately 600 km, or an approximately 90% reduction in the amount of originally accessible habitat (Fig. 4a ).
The same three-level logistic regression analysis approach for koaro showed that, at level one, fish distribution was positively influenced by maximum downstream slope (Table 4 , koaro). When applied to the approximately 40 000 km of streams within our study area, we calculated that koaro could access over 28 000 km (Fig. 4b) . At level two, proportion downstream land use impacting on the migratory passage had a significant negative influence on koaro occurrence (Table 4 , koaro), and reduced accessible habitat by 55%, leaving less than 13 000 km of streams available. At the site scale, riparian forest cover had a positive effect on koaro occurrence (Table 4 , koaro, level 3). Stream reach size, specific land uses, proportion upstream land use impact, and stream reach slope were not significant variables by themselves, but were retained by the regression procedures (Table 4 , koaro, level 3), and without them the model would have been poor. When site-scale impacts were accounted for, 8500 km of streams within the study area were classified as good koaro habitat, a 70% reduction compared to accessible habitat, or one fifth of the total available stream network (Fig. 4b) .
Leave-one-out cross-validation of observed over expected for the three levels of the hierarchical logistic regression procedures for banded kokopu and koaro, Notes: Both variables were adjusted to a common scale. Thus, the magnitude and sign of the coefficients indicates the nature of the variable and fish occurrences, and the Wald statistic indicates which is the stronger predictor variable. The Wald statistic is the square of the ratio of the b to its standard error.
correctly predicted presence/absence at more than 85% of sites at all three levels for both species (Table 5) .
DISCUSSION
Habitat loss is one of the most important causes of local and global extinction and is implicated in the worldwide decline of many species (Duncan and Lockwood 2001 , Brooks et al. 2002 , Radford et al. 2005 , and disproportionately large losses of habitat could be caused by the disruption of dispersal networks used by species that must move across the landscape (e.g., migratory taxa), particularly if they are restricted to constrained dispersal networks like rivers. Central to evaluating the importance of direct habitat loss vs. habitat reduction through loss of connectivity is determining the relative influence of local vs. landscape-level effects on habitat loss. Our analysis has enabled the detection and differentiation of effects on migratory fish habitat loss due to access restrictions caused by natural physical barriers in the landscape, restrictions to migratory passage associated with the negative impacts of deforestation and agricultural land use in the catchment, and land use characteristics adjacent to local habitats.
Accessible habitat
Natural barriers to dispersal had significant effects on some migratory galaxiid species. We found that all migratory galaxiids were capable of reaching habitats above steep sections of stream channel in relatively pristine stream catchments, but for inanga, banded kokopu, and giant kokopu, occurrences above steep gradients declined with distance from the stream mouth. The distributions of koaro and shortjaw kokopu, however, were less restricted by distance inland and downstream slope. Although shortjaw kokopu are relatively uncommon, they did occur in some far inland streams above steep gradients, likely due to their ability to climb steep slopes regardless of distance inland. However, they mostly occurred in coastal locations, hence the significant effect of distance. The koaro is the most widespread native galaxiid species, and can access habitats far inland above steep stream gradients that are inaccessible to most other species. In contrast to trout and salmon that jump to overcome waterfalls (Adams et al. 2000) , galaxiids and anguillids use their pectoral fins to cling to the substrate while scaling waterfalls and other steep barriers (Jellyman 1977 , McDowall 1990 . Thus, the presence of natural populations of migratory fish above such barriers reflects the migratory drive and ability of these fish to surmount obstacles. Adult koaro retain the slender, anguilliform characteristics of the juvenile stage and do not lose the ability to climb steep stream gradients as they grow (McDowall 1990 (McDowall , 2003 . Hence, their occurrence pattern is likely to reflect a combination of this migratory drive, conditions 
The parameter b is the estimated regression coefficient for the predictor variable. The Wald statistic is the ratio of b to the SE of the regression coefficient squared. Reference conditions have more degrees of freedom, as they are used as reference for the estimation of coefficients for the non-reference conditions. The significance of each variable is given by the P value.
Reference condition.
along the migratory route and local habitat conditions. In contrast to koaro, banded kokopu, and shortjaw kokopu, change morphologically as they grow, becoming stouter as they reach adulthood (McDowall 1990) . Thus, as they migrate inland they probably lose their ability to transcend steep stream gradients. Although our results indicate that the ability of galaxiid species to cope with steep barriers declines with distance inland, it may not be the only explanation for the distribution patterns observed. The inanga is a relatively short-lived species, and because of its short life history, preference for spawning sites in coastal estuarine environments, and inability to cope with waterfalls and swift currents, it may not reach suitable habitat in inland locations (McDowall 1990 , Allibone 2003 . Giant kokopu, a top predator known to consume other fish (Bonnett and Lambert 2002) , although capable of reaching habitat above steep stream reaches in coastal environments, may prefer coastal environments where available prey are most abundant (McIntosh and McDowall 2004) . Koaro and shortjaw kokopu, both apt climbers, may colonize suitable habitat in locations inaccessible to the other species and where competition for space is likely to be less intense.
Migratory passage restriction
Koaro had access to the great majority of streams within our study area and physical barriers had FIG. 4 . Total available stream habitat; the amount of accessible available stream habitat based on abiotic variables of maximum downstream slope, distance, and their interaction; available habitat after accounting for access issues of land use along waterways and catchment forest cover; and available habitat when accounting for site characteristics of land uses, slope, and riparian cover for (a) koaro (G. brevipinnis); and (b) banded kokopu (G. fasciatus). Numbers next to the arrows indicate how many stream kilometers of habitat were predicted to be lost at each level of analysis.
relatively little effect on their upstream migration. In contrast, habitat for banded kokopu was greatly restricted by physical barriers to upstream migration, and fewer than 15% of the streams within the study area were potentially accessible. When the effects of physical barriers to upstream migration were factored out, and the impacts of catchment-scale deforestation and land use impacts on migratory passage were considered, banded kokopu were found to be more impacted than koaro with respect to accessible habitat, with a 70% reduction in predicted available habitat. This may be because banded kokopu are more sensitive to catchment deforestation and associated impacts on water quality Dean 1998, Richardson et al. 2001) , but also because their accessible habitat is in coastal, lowland areas where intensive pastural land use is more common. Banded kokopu are strongly influenced by catchmentscale deforestation (Eikaas et al. 2005a) , and may not reach suitable habitat in inland and far inland locations because overall catchment degradation precludes colonization. Of the migratory galaxiids banded kokopu are most sensitive to suspended sediments (Boubee et al. 1997 , Rowe and Dean 1998 , Richardson et al. 2001 ), so it is not surprising that catchment land use precludes upstream migration into many habitats. Koaro obtain access to more stream reaches in areas where intensive land use is less common, and they were less affected by factors influencing migratory passage than banded kokopu, with a 55% reduction in accessible habitat. However, in terms of total kilometers of accessible habitat lost, koaro habitat loss amounted to over 15 000 km, primarily in the larger catchments, where habitat is heavily impacted by intensive land use, such as dairy farming.
Local land-use effects
Local impacts of land use and absence of riparian forest further reduced the useable habitat for koaro and banded kokopu by 15% and 20%, respectively. Banded kokopu were again likely to have been more affected because of the location of accessible habitat. Koaro migrate farther upstream where intensive land use is less common. That neither banded kokopu, nor koaro were particularly affected by upstream land use at the local scale may be because of their preference for small streams that drain relatively intact upper catchments (Eikaas et al. 2005b) . Thus, local land use rather than upstream land use was a stronger predictor of fish occurrence, and local effects might be even greater if conditions along the migratory passage were improved (i.e., a smaller passage effect).
Impact of land use on constrained dispersal networks leading to habitat loss
Our results showed that the effects of catchment-scale deforestation and intensive agricultural land use were associated with large and widespread habitat loss for galaxiid species. Our models predicted 55% and 70% of koaro and banded kokopu habitat, respectively, would be lost due to catchment-scale effects of land use on migratory passage. Migratory species are likely to be more strongly affected by intensive land use than nonmigratory species because their life histories expose them to adverse conditions along the migratory passage. In the case of migratory fish, these effects are large because they are constrained to dispersal networks that make those adverse conditions impossible to avoid. The exact mechanisms by which intensive land use in catchments restrict galaxiid migratory passage were not revealed by our research, but sedimentation of streams is a likely factor. The migratory juveniles are particularly vulnerable to deleterious environmental conditions, and the high turbidity associated with sedimentation can impede feeding and slow the upstream migrations of juvenile galaxiids (Boubee et al. 1997 , Rowe and Dean 1998 , Richardson et al. 2001 .
Our analysis revealed that the quantity of habitat lost through disruption of the dispersal network was much greater than that lost through direct effects on local habitat because a large amount of potentially useable habitat becomes inaccessible. The dendritic hierarchy of these constrained dispersal networks means that disruptions result in disproportionately large amounts of habitat loss and have significant implications for the Notes: Cells on the diagonal from top left (absent-absent) to bottom right (present-present) were correct predictions. Cells on the opposite diagonal, from bottom left (present-absent) to top right (absent-present) were incorrect predictions.
survival, management and conservation of migratory species populations.
Understanding the way local, as opposed to catchment (or distant), land-use effects scale to influence the extent of habitat loss in organisms using constrained dispersal networks is likely to be particularly important for guiding the selection of areas to target for management, mitigation and restoration of habitat. For example, in our study area, restoration and protection programs should be targeted at land-use impacted streams that are not restricted by physical barriers to upstream migration for maximum returns on conservation effort. In New Zealand, by far the most easily accessible habitats for migratory galaxiid species are low gradient streams in coastal areas, and in our study area accounted for more than 40% of fish occurrences. Their restoration could be aided by establishing protective forested buffer zones around streams, thus restricting access by livestock and reducing farm run-off and sedimentation (Barton et al. 1985 , Osborne and Kovacic 1993 , Parkyn and Wilcock 2004 .
